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The Products of ribbon and raw Are Necessary for
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Nonmuscle Myosin in Drosophila
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Mutations in the genes rib and raw cause defects in the morphology of a number of tissues in homozygous mutant embryos.
A variety of tubular epithelial tissues adopt a wide, round shape in mutants and dorsal closure fails. Cells of the normal
tubular epithelia are columnar and wedge-shaped, and cells of the epidermis become elongated dorsoventrally as dorsal
closure occurs. However, the cells of mutants are round or cuboidal in all of the tissues with mutant phenotypes, consistent
with the hypothesis that the products of these genes are required for proper cell shape. Cytoskeletal defects, in particular,
defects in myosin-driven contraction of the cortical actin cytoskeleton, could be responsible for the lack of specific cell
shapes in mutant embryos. This possibility is supported by our observation that the intracellular localization of nonmuscle
myosin to the leading edge of the dorsally closing epidermis is absent or reduced in rib and raw mutant embryos. In
contrast, the band of actin that is also located at the leading edge is neither eliminated nor interrupted by either rib or raw
mutations. Furthermore, mutations of zipper, the gene encoding the nonmuscle myosin heavy chain, exhibit mutant
phenotypes in most of the same tissues affected by rib and raw, and many of the phenotypes are similar to those of rib and
raw. Therefore, the products of rib and raw may be required for proper myosin-driven contraction of the actin
cytoskeleton. © 1998 Academic Press
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INTRODUCTION
Tissue morphology depends on the shape of the cells
composing the tissue and the orientation of these cells with
respect to each other. Cytoskeletal and adhesive properties
could both influence cell shape. While many cytoskeletal
and cell adhesion components have been identified, the
mechanisms controlling cytoskeletal expansion and con-
traction or for specifying the location of sites of adhesion
remain to be discovered. So too does the link between cell
type specification and the control of these processes.
Proteins regulating cell shape and adhesion could be
encoded by genes whose mutations alter tissue and cell
shape. Two genes necessary for the proper shape of a variety
of Drosophila tissues are ribbon (rib) and raw, mutations of
which block dorsal closure and head involution (Nu¨sslein-
Volhard et al., 1984) and cause a general rounding of tubular
epithelia (Jack and Myette, 1997). rib and raw mutations
also prevent the retraction of the central nervous system
(CNS) and cause disorganization of the peripheral nervous
system (PNS) (Jack and Myette, 1997).
Several observations suggested that alterations in cell
shape caused by the mutations lead to tissue morphological
abnormalities. For example, the walls of salivary glands and
hindguts, composed of a single row of cells, are thinner than
normal in rib mutants, suggesting that cells of the mutant
organs are shorter than wild-type cells. Mutant phenotypes
of the rib and raw mutants could be accounted for by the
failure of cells of the mutants to assume their proper
shapes. Rather than assuming specialized shapes, mutant
cells remain generally round or cuboidal.
Abnormalities in cell shape could be caused by cytoskel-
etal defects. Mutations of genes encoding actin cytoskeletal
components have been reported to prevent cell shape
changes and to cause defects similar to those observed in rib
and raw mutants. Mutations of the Drosophila genes that
encode the nonmuscle myosin II heavy chain (MHC), the
band 4.1 protein, and p127, a protein that is localized in the
cytoskeleton and binds reversibly to myosin (Kalmes et al.,
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1996; Strand et al., 1994a, 1994b), are all, like rib and raw,
defective in dorsal closure and head involution (Fehon et
al., 1994; Manfruelli et al., 1996; Young et al., 1993).
Nonmuscle myosin, the primary motor protein for actin
contraction, has the potential to effect cell shape changes
by shaping the actin cytoskeleton. The contraction of the
cortical network of actin fibers attached to the cell mem-
brane could cause many different changes in cell shape
(Spooner and Wessells, 1972; Wrenn, 1971). Nonmuscle
myosin II is, in fact, required for cell shape changes,
including cytokinesis and a variety of other cell shape
changes and cytoplasmic and organellar movements (Con-
dic et al., 1991; Edwards and Kiehart, 1996; von Kalm et al.,
1995; Young et al., 1993). The enormous variety of cell
shapes exhibited in any metazoan suggests that both the
degree and location of contraction of the actin cytoskeleton
must be intricately regulated.
Because mutations of the gene zipper (zip), which en-
codes MHC in Drosophila, are similar to rib and raw
mutations in causing defective dorsal closure and head
involution, we examined the possibility that rib and raw
are required for some aspect of contraction of the actin
cytoskeleton. If so, zip mutant embryos might display some
of the mutant phenotypes observed in raw and rib mutant
internal organs. Furthermore, if rib and raw are required for
some aspect of contraction of the actin cytoskeleton, mu-
tations of the genes might affect cellular myosin distribu-
tion. We report that rib and raw are, in fact, required in at
least one instance for the proper localization of myosin. zip
mutations affect many of the same organs affected by rib
and raw mutations, but the zip phenotypes in some tissues
are different from the phenotypes of rib and raw mutations.
Therefore, if the products of rib and raw are required for
myosin contractility in general, the requirement for zygotic
rib and raw synthesis must occur earlier in embryonic
development than the requirement for zygotic MHC syn-
thesis. Alternatively, the rib and raw products may be
required more specifically for regulation of myosin contrac-
tility.
MATERIALS AND METHODS
Stocks
Flies were maintained at 25°C in plastic shell vials on standard
medium containing cornmeal, sucrose, agar and yeast (Ashburner,
1989). Unless otherwise noted, stocks were obtained from the
Bloomington Drosophila Stock Center (Bloomington, IN). Some
allele designations have been modified by their discoverers or by
FlyBase (1998) and the designations used are the primary FlyBase
designation. Synonyms are: zipID16 5 zip1, zipmhc1.3 5 zip1.3,
zipmhc1.6 5 zip1.6, zipIIF107 5 zip2, zipmhc2.1 5 zip2.1, zipmhc3.9 5
zip3.9, zipmhc3.12 5 zip3.12, zipmhc6.1 5 zip6.1, zipmhc14 5 zip14, ribIK
5 rib1, and ribIIB44 5 rib2. cn bw sp zip1/CyO was obtained from
the Mid-America Stock Center (Bowling Green, OH). cn bw sp
rib2/CyO was obtained from the Tu¨bingen Stock Center. dp cn bw
zip1.3/SM6a, dp cn bw zip1.6/SM6a, cn bw sp zip2/SM6a, dp cn bw
zip2.1/SM6a, dp cn bw zip3.9/SM6a, dp cn bw zip3.12/CyO, dp cn bw
zip6.1/CyO, and dp cn bw zip14/SM6a were obtained from D.
Kiehart.
Immunohistochemistry and Cytology
Whole embryos were incubated as described previously (Liu et
al., 1991). Anti-Crumbs antibody (Tepaß et al., 1990) was diluted
1:50. Secondary antibodies and reagents for DAB staining were used
from the Vector Elite kit (Vector Labs). Embryos were photo-
graphed with a Zeiss Axiophot microscope, equipped with Nomar-
ski differential interference contrast objectives. Film was devel-
oped and scanned, and images were transferred to photo compact
disc by Kodak. Figures were assembled using Adobe Photoshop 3.0.
Confocal Microscopy
Confocal microscopy was performed with a Zeiss LSM410 con-
focal microscope, using a 633 objective, in the Center for Biotech-
nology Imaging & Technology at the University of Connecticut
Health Center. Nonmuscle myosin heavy chain antibody (anti-
MHC) was diluted 1:50. Embryos were fixed in a mixture of
heptane:3.3% formaldehyde, 50 mM EGTA in a 1:1 ratio. Anti-
Spectrin antibody was diluted 1:500. Filamentous actin was stained
with rhodamine-labeled phalloidin, following a modification
(Thatcher and Dickinson, 1995) of the method described by Wie-
schaus and Nu¨sslein-Volhard (1986). Briefly, after dechorionization
in bleach, an initial 15-min fixation in 1:1 8% formalin in PBS:
heptane was followed by 95% ethanol:heptane devitellinization,
and a 1.5-h postfixation in 4% formalin in PBS. Embryos were
incubated overnight in rhodamine-labeled phalloidin (Molecular
Probes), using 80 U of phalloidin in 400 ml PBT.
To determine the degree to which salivary gland cells were
wedge-shaped, the width of the cells in the cross-sectional plane
was measured at various levels through the cells. One-micrometer
optical sections in the longitudinal plane of the gland were used to
obtain measurements of the width of cells at different levels along
the apical–basal axis. The ratio of the basal width to apical width
was calculated using the most basal and apical sections in which
the lateral membrane of the cells was completely visible. Confocal
images of four representative cells from each of five different glands
were measured for each of the three genotypes, wild type, rib1/rib1,
and raw1/raw1. Many others were observed. Cells directly above
the lumen of the gland were measured to give the straightest view
from basal to apical surface when optically sectioned.
Genetic Mapping
For recombination mapping the mutation on the zip1 chromo-
some that fails to complement rib mutations, straight-winged
offspring of the cross cn bw sp zip1/cn1 bw1 sp1 zip1 3 cn rib1 bw
sp/CyO were scored for the phenotypes of cn, bw, and sp. These
offspring allow us to score the frequency of recombination of the
cn, bw, and sp alleles onto the chromosome with the wild-type
allele of the gene whose mutation on cn bw sp zip1 is lethal over rib
mutations. Recombination frequencies were converted to map
distances using the map function RF 5 0.5(1 2 e2m), where m is the
mean number of exchanges per meiosis.
RESULTS
The altered shape of the tissues of rib and raw mutants
could be caused by defects in the shape of the cells within
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the tissues. To determine the extent and manner in which
cell shape is affected by the rib and raw mutations, we
examined wild-type embryos and homozygous rib1 and
raw1 mutant embryos stained with antibodies against
a-spectrin. By the end of germband elongation, a-spectrin is
located at the plasma membrane of all cells (Pesacreta et al.,
1989), allowing the shapes of cells to be observed by
confocal microscopy in many tissues in whole embryos.
The rib1 and raw1 mutations are the strongest available
mutations of the two genes. However, rib1 is not a null
allele since embryos that are rib1 heterozygous with a
deletion of rib are more mutant than homozygous rib1
embryos (Jack and Myette, 1997). No evidence is available
to determine whether raw1 is a null or hypomorphic allele.
Epidermal Cells Fail to Elongate at the Time of
Dorsal Closure in rib and raw Mutants
During embryogenesis, the dorsal movement of the epi-
dermis to cover the amnioserosa and surround the embryo
is called dorsal closure. During this process, all of the
epidermal cells, which are initially polygonal, elongate
dorsoventrally (Young et al., 1993). The cells at the dorsal
edge of the epidermis change shape first, followed by
progressively more ventral cells until cells throughout the
epidermis have elongated. The cells at the dorsal margin of
the embryonic epidermis elongate to a greater extent than
the more ventral epidermal cells (Young et al., 1993 and Fig.
1A).
In rib and raw mutant embryos, which show considerably
less dorsal movement of the epidermis than zip mutants,
most epidermal cells remain polygonal (Figs. 1B and 1C and
2E and 2F). Dorsal margin cells of rib mutants are conspicu-
ously round and larger than the more ventral epidermal
cells. Some cells in the dorsolateral epidermis of homozy-
gous rib embryos elongate slightly, but only a few cells
elongate as much as wild-type embryos (Figs. 1A and 2D).
The epidermis of raw embryos appears to be wrinkled, and
the dorsal edge is folded inward. Almost no raw epidermal
cells elongate (Fig. 1C).
rib and raw Mutations Alter the Localization of
Nonmuscle Myosin but Not Actin in the Cells at
the Dorsal Margin of the Epidermis during Dorsal
Closure
Before the dorsal movement of the epidermis begins, a
band of actin and myosin forms along the dorsal edge of the
dorsal margin epidermal cells (Young et al., 1993). Actin in
the band appears to be continuous, while myosin appears to
concentrated in separate nodules in the dorsal end of each
cell (Harden et al., 1995 and Figs. 2A and 2D). Contraction
of the band has been suggested to pull the epidermis over
the top of the embryo (Young et al., 1993). If this were the
case, the dorsoventral elongation of the epidermal cells
might be caused by the upward pull generated by the band.
Alternatively, coordinated elongation of the epidermal cells
may push the epidermis over the top of the embryo.
Whichever mechanism causes dorsal closure, mutants that
exhibit failure of dorsal closure could also have unelongated
epidermal cells. Myosin contractility is required for dorsal
closure to occur because mutations of the gene zipper (zip),
which encodes MHC, prevent the completion of dorsal
closure, leaving a dorsal hole in the epidermis of mutant
embryos (Nu¨sslein-Volhard et al., 1984; Young et al., 1993).
To determine whether the actin–myosin band is affected by
mutations of rib or raw, we stained mutant embryos with
an antibody against MHC or with rhodamine-labeled phal-
loidin.
In both rib and raw mutants the concentration of myosin
along the leading edge of the dorsally migrating epidermis is
significantly reduced. rib1 reduces the concentration of
myosin at the leading edge to the extent that no localization
is apparent in the dorsal end of the cells in homozygous
mutants (Fig. 2B). raw1 causes a considerable reduction in
the concentration of myosin at the dorsal edge, but ho-
mozygous mutants have patches of myosin concentrated
along the dorsal edge of the epidermis. In these mutants the
myosin band is interrupted but not entirely absent (Fig. 2C).
The loss or discontinuity in the dorsal localization of MHC
in rib and raw mutants suggests that the products of the
genes are required for the proper function of myosin in the
cytoskeleton. The residual myosin along the leading edge of
raw mutant embryos could be due either to maternally
provided gene product or to leakiness of the raw1 allele
since we do not know whether raw1 is null or hypomorphic.
In contrast, the band of actin along the dorsal edge is
neither eliminated nor interrupted by either rib or raw
mutations. In rib1 homozygous embryos, the actin band
appears continuous as it is in wild type embryos (Figure 2E).
However, actin bands of rib1 embryos are thinner than wild
type and lie along the dorsal edges of large polygonal cells
rather than the typical elongated cells characteristic of
wild-type embryos. The actin band of raw1 embryos is also
intact and appears similar to the wild-type actin band (Fig.
2F). The band is in a slightly different location from that of
wild-type or rib embryos because the dorsal edge of the
raw1 embryos is folded toward the inside of the embryos.
Therefore, the margins of most of the epidermal cells are
not visible in the same plane as the dorsal actin band. The
fact that actin localization at the dorsal margin is unaltered
in rib and raw mutants suggests that the mutations do not
alter the cell type or polarity of the dorsal margin cells. The
component that is defective in the mutants is necessary for
either the movement of MHC to the region of the actin
band or its attachment to the band.
Cell Shape Is Altered in Salivary Glands and
Hindgut of rib and raw Mutants
The cells of the salivary glands and hindgut are columnar
and wedge-shaped in wild-type embryos (Figs. 3 and 4). This
cell shape is associated with the characteristic tubular
shape of the organs. When raw embryos are examined with
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anti-Crumbs antibody, the lumens of the Malpighian tu-
bules are conspicuously short and wide relative to wild type
as they are in rib mutants, but the salivary glands and
hindgut are less obviously misshapen than in rib mutants
(Jack and Myette, 1997). However, examination of the
salivary glands and hindgut with anti-Spectrin antibody
demonstrates that the shape of the organs is affected in raw
mutants, though not as severely as in rib mutants (Fig. 3).
The alteration in shape of the mutant organs may be due
to changes in the shape of the cells of the organs. The walls
of the salivary glands and hindgut of rib mutants are
thinner than wild type, suggesting that the cells of the
mutant organs are not as tall as wild-type cells (Jack and
Myette, 1997). We examined the cells of wild-type and
mutant salivary glands and hindguts to determine whether
cell shape is altered in homozygous rib and raw mutants.
The cells of both organs are less columnar in the mutants
than wild type (Fig. 3), although the degree to which the
mutants are affected is variable. Salivary gland cells of both
rib and raw mutants are approximately the same width as
wild type, but they are shorter than wild-type cells (Figs.
3A–3C). Hindgut cells of rib and raw mutants are both
wider and shorter than wild-type cells (Figs. 3D–3F), al-
though the hindguts of raw mutants are more variable in
phenotype and frequently resemble wild type.
In order for tubular organs to have a small lumen, the
width of the cells in the cross-sectional plane of the tube
must be smaller at the apical pole of the cell than at the
basal pole. The wedge shape of these cells in normal
embryos can be detected in serial optical sections of the
salivary glands (Figs. 4A– 4C). Measurements of the
widths of salivary gland cells at their apical and basal
poles demonstrate that the cells of rib and raw mutants
lack the wedge shape characteristic of wild-type salivary
gland cells. Here we define width as the dimension of
cells in the cross-sectional plane of the gland. Cells of
glands in these mutant embryos are as wide at their
apical surfaces as they are at their basal surfaces (Figs.
4D– 4F and 4G– 4I). The width of wild-type salivary gland
cells at the apical pole is 61% (SEM 62%) of their basal
width. In contrast, the apical width of rib mutant salivary
gland cells is 96% (SEM 64%) of the basal width and of
raw mutant cells is 107% (SEM 62%) of their basal
width. Observations of optical sections between the basal
FIG. 1. Epidermal cells do not elongate in rib and raw mutant
embryos. Confocal images, stained with anti-Spectrin antibody are
of lateral views of embryos of wild type (A), homozygous rib1
embryos (B), and homozygous raw1 embryos (C) during dorsal
closure. Arrows indicate the leading edge of the dorsal epidermis as
it meets the amnioserosa (as). Arrowheads indicate at the dorsal-
most cells of the epidermis. Many of the epidermal cells of the
wild-type embryo are elongated, while most epidermal cells of the
mutants (B and C) remain polygonal. Bar, 30 mm. Bar in C applies
to A, B, and C.
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and apical surfaces reveal that for glands of wild-type
embryos the change from wide bases to narrower apices is
gradual, indicating a wedge shape, whereas the cells of
the two mutants exhibit different patterns. The width of
raw cells in central sections is often larger than either
basal or apical sections, suggesting a rounded cell. The
width of rib cells tends to be roughly equivalent at all
levels, demonstrating the cuboidal shape of these cells.
Thus, the cells of rib and raw mutant salivary glands and
hindgut exhibit none of the specializations of cell shape
that are apparent in normal salivary gland and hindgut cells,
rather adopting a round or cuboidal shape much like mu-
tant cells in the epidermis. The fact that salivary gland cells
of raw mutants are round while those of rib mutants are
cuboidal suggests that the products of the two genes have
different functions, although both are necessary for the cells
to be shaped properly.
zip Mutations Affect Many of the Same Tissues as
rib and raw Mutations
Cell shape is uniformly affected in tissues that are abnor-
mally shaped in rib and raw mutant embryos. A defect in
myosin contraction of the actin cytoskeleton could account
for the failure of cells to become elongated or columnar in
a variety of tissues. Indeed, myosin is involved in the
elongation of imaginal disc cells that drives the lengthening
of the disc in metamorphosis (von Kalm et al., 1995).
Furthermore, we describe above a defect in the ability of
myosin to localize to the dorsal actin band of the dorsally
closing epidermis in rib and raw mutants. If the products of
rib and raw are required for some aspect of myosin contrac-
tion of the cytoskeleton, zip mutations, which prevent
MHC synthesis, might have some phenotypic similarities
to rib and raw mutations. zip mutants are, in fact, similar to
rib and raw in being defective in dorsal closure and head
FIG. 2. Myosin localization in a band at the dorsal margin of the epidermis is absent or interrupted in mutant embryos, while actin
localization is unchanged in mutant embryos. Confocal images are of stage 15 embryos stained with anti-MHC (A, B, C) or
rhodamine-labeled phalloidin, which binds F-actin (D, E, F). Embryos are wild type (A and D), rib mutants (B and E), or raw mutants (C and
F). The concentration of myosin is higher in the most dorsal epidermal cells of wild type but not of rib mutant embryo (arrowheads in A
and B). An actin-myosin band is normally present at the dorsal margin of the cells (arrow in A and D). In rib mutant embryos myosin is
missing from the band (arrow in B) but actin is present (arrow in E). In raw mutant embryos myosin is missing from the band in some areas
(arrowhead in C) but present in other areas (arrow in C). Actin is present in the dorsal band in rib and raw mutants (arrows in E and F). Bar,
30 mm. The bar in C applies to A, B, and C, and the bar in F applies to D, E, and F.
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involution (Nu¨sslein-Volhard et al., 1984; Young et al.,
1993).
We examined embryos mutant for zip1, zip1.3, and zip2 to
determine whether they, like rib and raw mutant embryos,
exhibit abnormalities of tubular epithelial organs and the
nervous system. zip1.3 and zip2 have base pair substitutions
that result in premature stop codons, truncating the MHC
protein by 75 and 1222 amino acids, respectively, and likely
generating null mutations (Mansfield et al., 1996). Se-
quence information is not available for zip1.
Identification of a rib mutation on the zip1 chromosome.
Embryos homozygous for the cn b sp zip1 chromosome are
nearly identical to rib mutant embryos. zip1 mutants, like
rib and raw mutants, undergo little or no head involution or
dorsal closure. Also like rib mutants, the PNS of zip1
mutants is disorganized, and the CNS, which normally
shortens to two-thirds the length of the embryo, fails to
retract. zip1 mutant embryos resemble rib mutant embryos
also in the appearance of the hindgut, Malpighian tubules,
and salivary glands. Like rib mutants, hindguts are thick-
ened, shortened, and fail to form the characteristic curve.
Malpighian tubules are short and thick like rib mutants,
and salivary glands are enlarged and bulbous.
The striking phenotypic similarities between rib and zip1
mutants led us to examine possible genetic interactions
between rib and zip. We found that the cn bw sp zip1
chromosome is lethal in combination with either rib1 or
rib2. The lethality could result from synthetic lethality
between the rib mutations and zip1. Alternatively, the cn
bw sp zip1 chromosome could have another mutation
either in rib or in a third gene that is synthetically lethal
with rib. The failure to complement alleles of rib is specific
to zip1. None of eight other zip alleles tested (zip1.3, zip1.6,
zip2, zip2.1, zip3.9, zip3.12, zip6.1, zip14) is synthetically lethal
with rib1, rib2, or Df(2R)P34, which deletes rib. Nor is
Df(2R)gsb, which deletes zip, lethal with the rib alleles or
with Df(2R)P34. While zip1 fails to complement the rib
deficiency, none of the rib mutants we have tested show the
same failure to complement the zip deficiency.
These results are consistent with either the hypothesis
that zip1 is a unique mutation that is synthetically lethal
with rib mutations or that the cn bw sp zip1 chromosome
bears another mutation that is lethal in combination with
rib mutations. To determine whether this lethality is
caused by zip1 or another unidentified mutation, we
mapped the mutation that fails to complement rib muta-
tions by recombination with the marker genes cn (2-57.5),
bw (2-104.5), and sp (2-107). The locus maps roughly to
88.6, very near the location of rib (2-88). Thus, it is almost
certainly the presence of a rib mutation on the zip1 mutant
chromosome that causes the failure of the chromosome to
complement rib mutant chromosomes. We have designated
this mutation ribz1. Some phenotypes that have been as-
cribed to zip mutations may actually be caused by ribz1
(Coˆte´ et al., 1987; Zhao et al., 1988).
We have separated ribz1 and zip1 and characterized the
FIG. 3. The normally columnar cells of the salivary glands and Malpighian tubules are cuboidal in rib and raw mutant embryos. Lateral
views of embryonic salivary glands (A, B, and C) and hindguts (D, E, and F) of wild type (A and D), rib1 homozygotes (B and E), and raw1
homozygotes (C and F) stained with anti-a-Spectrin. The hindgut shown in F is an extreme example of the raw phenotype, which is variable
in the hindgut. Bar, 30 mm. Bar in C applies to A, B, and C, and bar in F applies to D, E, and F.
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phenotypes of the individual mutations. The phenotype of
ribz1 mutant embryos resembles rib1 and rib2 to some
extent, in that all three lack normal head involution, fail to
complete dorsal closure, and have abnormally positioned
PNS cells and faulty retraction of the CNS. Observation of
the tubular epithelial structures, however, reveals that ribz1
causes abnormalities less extreme than those caused by
rib1. The Malpighian tubules are shortened and thickened,
although not to nearly the extent of rib1 mutants. The
salivary glands have a rounder, more bulbous shape than
those of wild-type embryos, though, again, not as extreme
as those of rib1. The hindguts of ribz1 embryos are wider
than normal, resembling the other rib mutations, and the
ribz1 midguts lack the constrictions seen in wild-type
embryos.
Phenotypes of organs mutant for zip. The zip1.3, zip2,
and zip1 mutations cause defects in some of the tubular
epithelia that are affected by rib and raw, but the defects are
less conspicuous and sometimes qualitatively different
from the phenotypes caused by rib and raw. Embryos
homozygous for each of the three mutations were exam-
ined. On the chromosome used to analyze zip1, the ribz1
FIG. 4. Salivary gland cells are wedge shaped in wild-type glands but not in rib or raw mutant glands. Stage 16 embryos stained with
rhodamine–phalloidin were examined with a confocal microscope. Panels depict optical sections of a single salivary gland of a wild type
(A–C), rib mutant (D–F), and raw mutant (G–I) embryo. Arrowheads indicate an individual cell being followed from one section to the next.
Bars, 20 mm. Bar in A applies to A, B, and C, bar in D applies to D, E, and F, and bar in G applies to G, H, and I.
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present on the original zip1 chromosome was replaced by a
rib1 allele. Further reference to zip1 will indicate this rib1
zip1 chromosome.
Of the three zip mutations, the phenotype of homozygous
zip1.3 embryos is the most extreme. Head involution
progresses to a greater degree in all three zip mutants than
in rib mutants but is always incomplete. The salivary
glands in embryos homozygous for zip1.3 and zip2 are
similar to but less extreme than rib1 glands. The glands of
zip1.3 and zip2 mutants are enlarged, with lumens distended
by bulges and bubbles (Figs. 5C and 5E). The salivary glands
of zip1 homozygotes appear wild type (data not shown).
Malpighian tubules of mutants of each of the three zip
alleles are abnormal, although their appearance is consider-
ably different from those of the rib or raw mutants. While
rib and raw mutant embryos exhibit extremely shortened
and thickened Malpighian tubules, those of the three zip
mutants have diameters similar to those of wild-type tu-
bules. However, the zip mutant tubules remain coiled near
their juncture with the hindgut rather than extending
anteriorly as wild-type tubules do. Furthermore, abnormal
branching of the Malpighian tubules occurs in zip1.3 and
zip2 mutants. These branches appear to be short dead-ends
that extend only the length of one or two cells (Figs. 5D and
5F). Such branching is generally more pronounced in zip1.3
than in zip2, and no branching is evident in zip1 mutants.
While the short, dead-end branching observed in zip1.3 and
zip2 appears to be qualitatively different from the shorten-
ing and widening of the Malpighian tubules in rib and raw
mutants, the branches could be a very mild manifestation
of a phenotype that, when more extreme, results in a round,
short tube with a wide lumen.
Other organs affected by rib and raw mutations are
normal in zip mutant embryos. Hindguts of rib mutants are
short and wide and fail to exhibit the U-shaped curve
characteristic of wild-type embryos. Hindguts of raw mu-
tant embryos are also shaped somewhat abnormally and the
shape of the cells is altered, but the length and the normal
U-shaped bend are maintained in mutant hindguts. Both rib
and raw mutant midguts lack the constrictions typical of
wild-type embryos. In contrast, hindguts of zip1.3, zip2, and
zip1 mutants appear normal, extending to approximately
the same point anteriorly as those of wild-type embryos
before bending (Figs. 5B and 5D). Midgut constrictions of
mutants of all three zip alleles are substantially similar to
those of wild-type embryos. Only in zip1.3 mutants are the
constrictions slightly less pronounced than wild type.
The PNS of rib mutants is disorganized (Jack and Myette,
1997). Although raw mutations do not cause a mutant
phenotype in the PNS, rib raw double mutants have a much
more extreme PNS phenotype than rib mutants. However,
none of the zip mutations tested cause a detectable alter-
ation to the PNS.
Overall, the zip mutations cause mutant phenotypes in
many of the same organs affected by rib and raw. However,
in at least one tissue, the Malpighian tubules, the zip
mutant phenotypes are different from the rib and raw
phenotypes. The dissimilar phenotypes could be attribut-
able to differences in function between MHC and the rib
and raw products or to differences in the stage at which the
zygotic products of the three genes are required to take over
for maternal product. The phenotype of the ribz1 zip1
double-mutant embryos further suggests that rib is required
for myosin contractility. Even though ribz1 is less extreme
than rib1 and zip1 is less extreme than zip1.3 or zip2, ribz1
zip1 mutations together have a phenotype identical to rib1.
Therefore, the loss of MHC function caused by zip1 has the
same morphological consequence as the greater loss of rib
function caused by rib1.
DISCUSSION
The products of the genes rib and raw are necessary for
the proper occurrence of a number of morphogenetic
events. Mutations of the genes prevent the movement of
epithelial sheets and cause abnormalities in the shapes of
some organs, especially tubular ones (Jack and Myette,
1997; Nu¨sslein-Volhard et al., 1984). Here we report the
results of a closer examination of the developmental defects
of rib and raw mutants. We find that each failure of a
morphogenetic movement or abnormality of organ shape is
associated with the failure of the cells of the tissues to
assume their characteristic shape. As the epidermis moves
dorsally to surround the embryo during dorsal closure, the
cells of the epidermis normally elongate dorsoventrally
from their original polygonal shape (Young et al., 1993).
However, in rib and raw mutants, in which little dorsal
movement of the epidermis occurs, the elongation of the
epidermal cells is dramatically reduced. Similarly, the cells
of the salivary glands and the hindgut, organs which lack
their characteristic shape in rib and raw mutants, are
cuboidal in contrast to normal cells, which are columnar
and wedge-shaped.
Effect of rib and raw Mutations on the
Cytoskeleton
The defect in cell shape in rib and raw mutants could be
either the cause or the effect of the abnormalities in the
movement of the epidermis or in the shape of the organs
that are affected by the mutations. Misshapen mutant
tissues are associated with defects in cell shape in every
tissue that we have observed. If the mutations affect cell
shape primarily and tissue shape as a consequence, abnor-
malities in cell shape would be expected in every tissue that
is misshapen. However, if the mutations affect tissue shape
in some other way and abnormal cell shapes are the result,
then cell shape defects would not necessarily accompany
every abnormality in tissue shape. We have observed no
instance in which changes in cell shape do not accompany
changes in tissue shape.
Mutations of rib and raw prevent the subplasmalemma
localization of myosin in the cells along the leading edge of
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the epidermis during dorsal closure (Fig. 2). This observa-
tion suggests the hypothesis that the mutations alter cell
shape by effects on myosin activity. Because the F-actin
band in the same location is not affected by the mutations,
the cell type of the dorsal margin cells is apparently not
changed. Mutations that change the cell type of the leading
edge cells prevent the localization of both actin and myosin
in the cells (Harden et al., 1995; Hou et al., 1997). Thus, rib
FIG. 5. Salivary glands and Malpighian tubules of zip1.3 and zip2 mutant embryos have an abnormal morphology. Stage 17 embryos are
stained with anti-Crumbs antibody, which labels the apicolateral plasma membrane of ectodermally derived epithelia. Embryos are wild
type (A and B), zip1.3 homozygotes (C and D), and zip2 homozygotes (E and F). Salivary glands, with arrows pointing to outside edges of the
glands, are shown from the ventral side in A, C, and E. The lumens of the mutant glands are shorter and wider than in wild-type glands.
B, D, and F show Malpighian tubules. Arrow in B indicates the right anterior tubule, which is shown extending anteriorly and bending back
posteriorly in a normal embryo. Arrows in E and F indicate short branches (shown enlarged in insets) typical of zip mutant homozygotes.
Bar, 50 mm in all panels.
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and raw are apparently required for myosin activity or
localization on the actin cytoskeleton. A compromise of the
ability of myosin to cause contraction of cytoskeletal actin
could prevent cells from acquiring their normal shape.
The Role of the Dorsal Actin–Myosin Band in
Dorsal Closure
The concentration of actin and myosin along the leading
edge of the dorsally closing epidermis has been suggested to
propel dorsal closure by forming a mechanically continuous
band which contracts around the embryo, pulling the epi-
dermis over it dorsally like a purse string (Young et al.,
1993). Contraction of the band would be caused by the
action of myosin on the actin substrate. Consistent with
this hypothesis, we observe an absence of myosin from the
dorsal bands of rib and raw mutant embryos, which fail to
undergo dorsal closure. If rib and raw mutations block
dorsal closure by preventing the localization of myosin to
the leading edge, then the failure of the epidermal cells to
elongate dorsoventrally in mutants would imply that the
dorsal pull of the actin–myosin band stretches the epider-
mal cells dorsally, causing their elongation.
An alternative explanation for the dorsal movement of
the epidermis is that the dorsoventral elongation of the
cells of the epidermis pushes the epidermis dorsally. The
elongation of the cells occurs contemporaneously with
dorsal closure. A similar elongation of imaginal disc cells
drives the telescoping of the leg discs that occurs during
metamorphosis, and myosin is required for disc eversion as
well (Condic et al., 1991; Edwards and Kiehart, 1996; von
Kalm et al., 1995). Furthermore, the observation that the
normally columnar salivary gland and hindgut cells are
cuboidal in rib and raw mutants demonstrates the require-
ment of the products of the genes for cell elongation. The
failure of epidermal cells to elongate in rib and raw mutants
at the time that dorsal closure would normally occur could
be the primary cause of the failure of the mutants to
undergo dorsal closure. If dorsoventral elongation of epider-
mal cells drives the dorsal movement of the epidermis, the
dorsal actin–myosin band might nevertheless act as a purse
string to keep the epidermis in place over the embryo as
movement proceeds.
Some attributes of the mutant phenotypes of the rib and
raw mutations support the hypothesis that elongation of
epidermal cells is the driving force for dorsal closure. One is
that the most dorsal cells of the mutant epidermis remain
completely unelongated, while some of the more ventral
cells elongate somewhat. If the elongation of the cells were
caused by the pull of the actin–myosin band, the dorsalmost
cells would be expected to be the first to elongate in
mutants just as they are in wild-type embryos. Further-
more, the amount of myosin in the actin–myosin band in
rib and raw mutants does not correspond to the degree of
elongation that is observed in the epidermal cells. rib
mutant embryos have no detectable myosin associated with
the dorsal actin band, and yet they display some elongation
of cells in the lateral epidermis. raw embryos have a
reduced but detectable amount of myosin associated with
actin at the leading edge, but none of the epidermal cells of
raw embryos appear to elongate.
The Role of rib and raw in Cytoskeletal Function
Myosin is likely to be involved in shaping cells by
contraction of the cortical actin cytoskeleton. Because cells
in a number of different tissues of rib and raw mutant
embryos are incapable of assuming specialized shapes and
because myosin fails to localize to the dorsal actin band
during dorsal closure of the epidermis, the products of the
genes appear to be required in some way for proper myosin
function. Similarities between the rib and raw mutant
phenotypes and the phenotypes of mutants of zip, the gene
that encodes MHC, support the hypothesis that rib and raw
are required for proper myosin function. zip mutants are
similar to rib and raw mutants not only in failing to
complete head involution and dorsal closure but also in the
short, wide morphology of the salivary glands and in having
morphologically defective Malpighian tubules. Although
the effect of zip mutations on morphology of the Mal-
pighian tubules is different from that of rib and raw
mutations, the differences could be a matter of degree. The
short branches observed in zip mutant Malpighian tubules
could be the slightest manifestation of the full blown
widening of the tubules that is observed in rib and raw
mutants. In any case, the fact that the same tissues are
affected by all three mutations is likely to be significant.
Further suggesting that rib is required for myosin function,
ribz1 zip1 homozygous double mutant embryos are identical
in appearance to rib1 embryos, while ribz1 mutants are
considerably less extreme than rib1 embryos.
The differences in phenotype between zip mutants and
rib and raw mutants may be caused by differences in the
time at which their maternal gene products begin to be
insufficient to support normal development. MHC is re-
quired during early embryogenesis for peripheral migration
of nuclei (Kiehart, 1990; Wheatley et al., 1995), cellulariza-
tion (Kiehart, 1990; Young et al., 1991), and cytokinesis
(Karess et al., 1991), but zip mutants are not defective in
these processes (Young et al., 1993). Therefore, maternal zip
mRNA must provide for enough MHC synthesis to allow
embryos to develop normally through early embryogenesis.
Maternal rib and raw RNA probably also sustain embryos
through early embryogenesis since the defects caused by
their mutations begin to show up relatively late in embryo-
genesis. zip mutations may not cause MHC to be suffi-
ciently depleted during late gastrulation to affect the mor-
phology of the organs that are abnormal in rib and raw
mutants. Differences in the strength of the mutations could
also affect the phenotypes. While zip1.3 and zip2 are null
(Mansfield et al., 1996), rib1 and rib2 are hypomorphs (Jack
and Myette, 1997), and the expressivity of raw1 is not
known. Nevertheless, the fact that dorsal closure is affected
much later in zip mutants than it is in rib and raw mutants
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is consistent with the possibility that maternal zip mRNA
is sufficient to begin dorsal closure.
Alternatively, the differences between the phenotypes of
zip mutations and those of rib and raw mutations could
result from differences in the function of the gene products.
The products of rib and raw could be structural components
of the cytoskeleton or regulatory molecules. They might
not be required for myosin contraction of the actin cy-
toskeleton but rather be necessary for the localization of
myosin or for the control of the orientation of myosin
contraction of the actin cytoskeleton.
In order for cells to assume specialized shapes, contrac-
tion of the actin cytoskeleton would have to be directional.
The degree of contraction in different regions of the cy-
toskeleton could be determined by either controlling the
localization of myosin on the cytoskeleton or modulating
the amount of contraction of myosin molecules in different
regions. We have determined that at least one instance of
intracellular myosin localization, that to the actin band at
the leading edge of dorsal closure, is dependent on rib and
raw. At the stage of embryogenesis at which rib and raw
mutant phenotypes become apparent, intracellular localiza-
tion of myosin has only been observed along the leading
edge of the embryonic epidermis. However, localization of
myosin in other cells may be obscured by cytoplasmic
myosin. If so, mutations of one or both of the genes could
alter myosin localization in those tissues as well.
Qualitative differences in the way that rib and raw
mutations alter the shapes of salivary gland and hindgut
cells suggest that the products of the two genes may
function in different ways with respect to myosin or the
actin cytoskeleton. Different functions of the products of
the genes would explain the observation that raw rib double
mutants are profoundly more defective than single mutants
of either of the genes (Jack and Myette, 1997). If mutations
of rib and raw interrupted the same process, the double
mutants would be unlikely to cause so much more severe a
phenotype, even if some activity remains in each of the
individual mutations. Therefore, even though both protein
products appear to be required for proper functioning of the
actin cytoskeleton, the roles of the two proteins are likely
to be different.
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